solution at the (identical) excitation wavelength. Water and ethanol were chosen as the polar and less polar solvents respectively because these types of polarity-sensitive probes were mainly used in our laboratory to study supramolecular host-guest inclusion complexes in aqueous solution, and the polarity of the internal cavity of the most common supramolecular hosts, cyclodextrins, is similar to that of ethanol solution. 14 The PSF is basically the fluorescence enhancement (or suppression) of the probe molecule in ethanol relative to water, and is directly related to the relative quantum yield in ethanol vs. water, differing only in the constant factor of the square of the relative refractive index of ethanol and water. For fluorescent probes which show increased fluorescence with decreased solvent polarity, the PSF will be greater than 1, but for those which show decreased fluorescence with decreased solvent polarity, the PSF will be less than 1. The relative polarity sensitivity of a given fluorescent probe is therefore indicated by the magnitude of the PSF. Knowledge of the PSF of a given probe, as well as its absorption and emission wavelengths, is essential for choosing that probe for a particular application.
There have been previous reviews on the utility of fluorescent probes for studying heterogeneous systems, [15] [16] [17] [18] [19] including specific families of fluorescent probes, such as D r a f t
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Results and Discussion
A total of fourteen polarity-sensitive fluorescent probes were studied and quantified for this work. Of these fourteen, ten exhibited increased emission with decreasing solvent polarity (i.e. were more highly fluorescent in ethanol as compared to water solution at equal absorbance), while four exhibited decreased emission with decreasing solvent polarity (i.e.
were more highly fluorescent in water as compared to ethanol solution at equal absorbance).
Fluorescent Probes which Exhibit Increased Emission with Decreasing Solvent Polarity
The majority of fluorescent probes studied fall into this category. Probes exhibiting this polarity dependence can be utilized in "switch-on" fluorescence sensors upon inclusion into an appropriate host cavity (or "switch-off" upon host exclusion by a competing guest of interest). The ten probes of this type studied and quantified for this work are shown in Figure   1 on the next page. The measured values of the absorption maximum in water, the emission maximum in water and in ethanol, and the PSF for these ten probes are listed in Table 1 .
As can be seen from this table, the absorption maxima of these probes span the UV/visible spectrum, from 308 to 631 nm, allowing for a probe with PSF>1 to be chosen for any excitation range required. Furthermore, the emission spans a broad range from 375 to 680 nm, yielding a range of colours for sensor applications. There is also a wide range of PSF values; in most applications a PSF value as large as possible would be optimal. For the majority of these ten cases (1-3, 5-7), the increase in fluorescence intensity upon decrease of solvent polarity is accompanied by a blue shift in the absorption spectrum. For example, in the case of 1,8-ANS 2, the fluorescence maximum shifted from 560 nm in water to 473 nm in ethanol. In such cases the increase in emission can be attributed, at least in part, to the increased S 1 -S 0 energy gap in ethanol as compared to water; by the energy gap law, 22 this
results in a significantly lower rate constant for internal conversion as a nonradiative decay path, and therefore a correspondingly larger quantum yield for fluorescence.
The largest PSF values (by far) are found for the well-known and highly-utilized anilinonaphthalene sulfonate family of fluorescent probes 1 to 3. The incredibly high fluorescence polarity sensitivity of ANS probes has been well studied in the literature, [23] [24] [25] [26] [27] [28] and has been explained as a combination of the effect of polarity on the S 1 -S 0 energy gap and specific solvent-solute interactions in protic solvents. 25 In the specific case of 1,8-ANS 2,
Ebbesen and Ghiron 25 concluded that in mixed water-ethanol solutions, the fluorescence wavelength is dependent on the macroscopic solvent polarity, while the quantum yield is (spectral shift) is also seen in this figure, with the colour changing from a pale green in water to a bright blue when complexed with the cyclodextrin. The largest PSF measured was that for the ANS dimer probe bis-ANS 1, 32 which had a PSF of 216 ± 9. This means that bis-ANS is 216 times more fluorescent in ethanol than it is in water, which gives an incredibly large and easily measured signal change. As can be seen from Figure 1 Two eosin dyes [33] [34] [35] [36] were studied, eosin B 4 and eosin Y 9. As can be seen in Figure 1 , these dye molecules differ only in the replacement of two bromo substituents in eosin Y by nitro substituents in eosin B. However, as can be seen in Table 1 , they have very different fluorescence properties, and most dramatically, highly different polarity sensitivities, arising from the presence or absence of the nitro groups. Eosin B is highly sensitive to polarity, with a PSF of 48 ± 14, whereas eosin Y shows a much lower sensitivity to polarity, with a PSF of 2.7 ± 0.2. Eosin B fluoresces more to the red than does eosin Y, but the two have similar absorption properties. In general, eosin B is the preferred choice for studying heterogeneous systems or for sensor applications, as it shows a much greater change in emission intensity with change in polarity.
Curcumin 5 is an extremely interesting molecule. [37] [38] [39] It is the main component of the spice turmeric, and a major component of curry powders. It has extensive bioactive properties, including antibiotic and anticancer properties. It is highly fluorescent, and hence turmeric itself exhibits strong, visible green fluorescence under UV irradiation, especially when dissolved in ethanol, as shown in Figure 3 . As seen in Figure 1 , curcumin has a symmetrical, elongated structure which makes it an interesting guest for host complexation: it 13 hosts. It also shows a high polarity sensitivity, with a PSF value of 39 ± 2, as reported by our group previously. 13 Its high degree of polarity sensitivity, long symmetrical shape and tendency to form 2:1 host:guest inclusion complexes make curcumin a distinctive fluorescent probe, with potential specific utility in unique types of sensor applications.
The other polarity sensitive probes which show increased fluorescence in decreased polarity all have PSF values of 10 or less. Thus, while potentially useful as probes of heterogeneous environments, these probes would be less appealing in sensor technologies, as the signal changes obtained upon host inclusion or exclusion would not be as large as those obtained using any of the probes described above. However, each has a unique shape and fluorescence properties, which may potentially make them more useful in specific applications. Nile Blue A 6 [41] [42] [43] is an oxazine dye, closely related to the more commonly used Nile Red. However, whereas Nile Red is insoluble in water (thus not allowing for a determination of its PSF), Nile Blue A is water soluble. In general, oxazine dyes have been used as laser dyes and in other optical applications, and show significant solvent-dependent fluorescence. 41 Nile Blue A shows a moderate polarity sensitivity, with a measured PSF of 9.8 ± 1.7. It also shows the longest-wavelength absorption and emission of all of the ten probes studied in this section, which is potentially useful for the development of sensors in the red region of the visible spectrum.
Dansyl lysine 7 is a fluorescent probe used for studying membrane structures, and has been proposed as a highly selective probe for cholesterol-free domains within membranes. 44 It shows a moderately strong PSF of 10 ± 2. As an illustration of this type of probe which shows increased fluorescence in decreased polarity, the fluorescence spectrum of dansyl lysine in water and in ethanol is shown in Figure 4 ; this figure clearly shows the increased
emission intensity in ethanol as compared to water, giving a PSF of an order of magnitude in this case. The blue shifting of the emission spectrum in ethanol relative to water is also clearly illustrated in this figure, in this case from 575 nm in water to 536 nm in ethanol.
The coumarins are a well-studied family of fluorescent probes, 19, 45 with widely varying fluorescence properties and solvatochromism. In fact, coumarins can exhibit either increased or decreased fluorescence emission upon decreased polarity. The example studied in this section, which shows an increased fluorescence upon decreasing solvent polarity, is the parent coumarin itself, 8. 46 This is a relatively small fluorescent probe, suitable for small host cavities or heterogeneous pockets, and exhibits a PSF of 3.5 ± 0.5. Note that a coumarin with the opposite polarity sensitivity is described in the next section.
The final probe studied which showed increased fluorescence in ethanol as compared to water is the interesting aromatic hydrocarbon azulene 10. [47] [48] [49] This molecule shows a beautiful blue fluorescence, and is interesting as the best-known example of an exception to Kasha's Rule: its fluorescence originates from the S 2 higher excited singlet state, whereas most molecules exhibit measurable fluorescence only from their first excited state, S 1 (Kasha's Rule). 1, 49 Thus, azulene is an ideal probe for investigating the effects of supramolecular host inclusion or other heterogeneous systems on higher excited states. In addition, azulene is extremely small and compact as compared to the other probes investigated, other than coumarin, and thus is ideally suited for investigating small host cavities of material pores, and in compact molecular sensors based on small molecular hosts.
A very small PSF of 1.5 ± 0.2 was measured for azulene; although this is relatively small, this still represents a 50% increase in the S 2 fluorescence in ethanol as compared to water, making azulene a potentially useful upper excited state polarity-sensitive fluorescent probe.
D r a f t
Fluorescent Probes which Exhibit Decreased Emission with Decreasing Solvent Polarity
Only four of the fluorescent probes studied (11) (12) (13) (14) exhibited this "reverse" polarity dependence of decreased intensity with decreased polarity; their structures are shown in Figure 5 . Probes exhibiting this polarity dependence can be utilized as fluorescent "switchoff" inclusion sensors, or more importantly as "switch-on" fluorescent sensors upon exclusion from an appropriate host cavity. Thus, in many ways, this rarer type of polaritysensitive fluorescent probe is of greater potential for supramolecular fluorescence sensor applications, as the sensor can be designed to switch its fluorescence on upon inclusion of a target competing species, which can itself be non-fluorescent. It is better to have such a switch-on sensor which is dark in the absence of the target molecule, but switches on in its presence, as this is much easier to measure, and the baseline (null response) is extremely small.
7-Alkoxycoumarins such as 7-methoxycoumarin (7MC, 11) are probably the bestknown examples of fluorescent guests which show the reverse polarity sensitivity of most probes, [50] [51] namely showing decreased emission in decreased polarity. We have previously reported extensive studies of the host-guest inclusion of 7MC into various CDs. 52 7-MC showed the smallest value for a PSF less than 1, namely 0.09 ± 0.02; thus the emission of 7MC in water is approximately ten times larger than it is in ethanol. Furthermore, the absolute value of the fluorescence quantum yield φ F of 7-MC in water is relatively high, with a value of 0.21 ± 0.02 as determined in this work. This makes it a highly useful probe for potential sensor applications, particularly as a switch on exclusion probe, as both the change in intensity, and the intensity itself in the "on" configuration (exclusion into water), will be large and easily measurable. We have previously studied the application of 7MC in a prototype drug delivery fluorescent sensor system, based on polymer stars with cyclodextrin D r a f t 11   11 cores. 53 However, the use of 7MC in biomedical sensor applications is severely limited, as it is known to be toxic to humans. 54 The mechanism for the increased fluorescence of 7MC in water as compared to ethanol is (not unexpectedly) quite different for that of the probes which show decreased fluorescence in water as compared to ethanol, the latter of which involved mainly the effect of the decreased S 1 -S 0 energy gap on the rate of internal conversion back to the ground state.
In the case of 7MC, the proposed mechanism involves the existence of a ππ* triplet state T 2 in close proximity in terms of energy to the ππ* S 1 state in less polar environments such as ethanol. This results in a highly efficient ( 1 ππ* → 3 ππ*) intersystem crossing (ISC) process from the excited singlet to the nearby triplet state, resulting in a significant competing process with fluorescence for depopulation of the excited state, and hence a low fluorescence quantum yield. 50 However, in a polar medium such as water, the energy of the S 1 state is lowered significantly below that of the T 2 state, and thus ISC can occur only to the nπ* T 1 state, which is a much less efficient ISC process ( 1 ππ* → 3 nπ*). Thus, the fluorescence quantum yield is higher in water than in ethanol ("reverse" polarity dependence), and a PSF < 1 is observed.
7-Azaindole (7AI, 12)
55-60 is another example of a fluorescent probe which shows decreased emission with decreased polarity. It is highly important in biochemical sciences, as it is the fluorophore of 7-azatryptophan, a derivative of the essential amino acid tryptophan which exhibits more favourable spectroscopic properties than does tryptophan itself, including longer wavelength absorption and longer fluorescence lifetime. 57 The emission spectrum of 7AI in water and in ethanol is shown in Figure 6 ; the enhanced fluorescence of 7AI in water as compared to ethanol is clearly seen in this Figure. The PSF of 7AI was determined to be 0.34 ± 0.04. Thus, 7AI is a potentially useful fluorescent probe for a switch on sensor based on host exclusion in aqueous solution, however its PSF is significantly closer D r a f t to 1 than is the case for 7MC, i.e. it has a lower polarity sensitivity. Its fluorescence intensity is 3 times larger in water than in ethanol, compared to 7MC for which the fluorescence intensity is 10 times larger in water than in ethanol. Furthermore, the fluorescence quantum yield φ F of 7AI in water was determined to be 0.031 ± 0.004, significantly lower than that of 7MC. However, as is clear from its MSDS sheet, 7AI is nontoxic, and so can be used in medicinal sensor applications.
The potential usefulness of 7-azaindole as a nontoxic polarity-sensitive probe with higher fluorescence in higher polarity media led us to explore the fluorescence properties of N-methyl-7-azaindole (NM7AI, 13). It has been shown in the literature that a significant excited state decay pathway of 7AI in water is the result of the interaction of the NH group with solvent water molecules, and that this deactivation pathway can be removed by alkyl substitution at the amine nitrogen to yield N-methyl-7-azaindole. 55 The fluorescence quantum yield φ F of NM7AI in water was determined to be 0.58 ± 0.05, significantly higher than that of 7AI, and in fact twice as large as that of 7MC. Thus, sensors designed using NM7AI
would potentially have a very bright "on" configuration. Unfortunately, however, the PSF of NM7AI was even closer to 1 than in the case of 7AI, with a value of 0.56 ± 0.01. Thus, the fluorescence of NM7AI in water is slightly less than a factor of 2 more intense than that in ethanol.
As a final example of a probe in this category of reverse polarity sensitivity, anthracene-9-carboxylic acid (A9C) 14 was studied. [61] [62] [63] [64] [65] This is a highly complex molecule in aqueous solution, as it not only establishes an acid-base equilibrium, but it has also been shown in the literature that significant dimerization occurs, with the dimer having significantly different fluorescence properties than the monomer. [61] [62] [63] Photodimerization has also been shown to occur. 64 Our measurements revealed a moderate decrease in the total fluorescence intensity in ethanol as compared to water, with a PSF = 0.58 ± 0.04; thus the D r a f t (which takes into account difference in absorbance between the water and ethanol solutions in each case). Fluorescence quantum yields were determined using the relative method, using 9,10-diphenylanthrace in cyclohexane as the fluorescent standard (φ F = 0.90).
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Conclusions
A total of 14 polarity-sensitive fluorescent probes were studied and quantified in this work, with a broad range of polarity responses, and absorption and emission wavelength ranges. All of these probes have potential applications in the study of heterogeneous systems and the design of supramolecular fluorescent sensors. PSF was shown to be a useful measure of the degree of polarity sensitivity of fluorescent probes, and allowed for the quantification of the relative polarity sensitivity of each probe.
Ten of the probes studied showed the more common fluorescence polarity sensitivity of exhibiting increased intensity upon decrease in polarity (PSF > 1). Of these, the anilinonaphthalene sulfonates showed by far the greatest polarity sensitivity, with PSF values ranging from 120 in the case of 2,6-ANS to 216 in the case of bis-ANS. These ANS probes would be most useful in supramolecular fluorescent sensor design in which a "switch-off" response is desired upon exclusion from the host cavity. However, the seven other probes studied with this type of polarity sensitivity are also potentially useful, with PSF values ranging from 1.5 to 45. All of these probes have unique shapes, sizes, and spectral properties which might be useful for specific applications; for example the size and shape can be chosen to give an optimal fit with a specific material or host cavity size and shape to be investigated or utilized. D r a f t 
